The retrovirus XMRV (xenotropic murine leukemia virus-related virus) has been detected in human prostate tumors and in blood samples from patients with chronic fatigue syndrome, but these findings have not been replicated. We hypothesized that an understanding of when and how XMRV first arose might help explain the discrepant results. We studied human prostate cancer cell lines CWR22Rv1 and CWR-R1, which produce XMRV virtually identical to the viruses recently found in patient samples, as well as their progenitor human prostate tumor xenograft (CWR22) that had been passaged in mice. We detected XMRV infection in the two cell lines and in the later passage xenografts, but not in the early passages. In particular, we found that the host mice contained two proviruses, PreXMRV-1 and PreXMRV-2, which share 99.92% identity with XMRV over >3.2-kilobase stretches of their genomes. We conclude that XMRV was not present in the original CWR22 tumor but was generated by recombination of two proviruses during tumor passaging in mice. The probability that an identical recombinant was generated independently is negligible (~10 −12 ); our results suggest that the association of XMRV with human disease is due to contamination of human samples with virus originating from this recombination event.
M urine leukemia viruses (MLVs) are retroviruses belonging to the genus Gammaretrovirus that cause cancers and other diseases in mice, and they are divided into the ecotropic, amphotropic, polytropic, and xenotropic classes on the basis of their receptor usage. Xenotropic MLVs cannot infect cells from inbred mice but can infect cells from other species, including humans. Xenotropic murine leukemia virus-related virus (XMRV) was isolated from a human prostate cancer (PC) in 2006 and has been reported to be present in 6 to 27% of human PCs (1, 2) and in the peripheral blood of 67% of chronic fatigue syndrome (CFS) patients (3) . The assertion that XMRV is circulating in the human population has been challenged by several studies that have failed to detect XMRV in multiple cohorts of PC and CFS patients or healthy controls [reviewed in (4) ]. Endogenous xenotropic MLVs can infect human tumors during passage through nude mice (5) , and it has been suggested that XMRV may have arisen in this manner (5, 6) . In addition, XMRV replication is highly sensitive to human APOBEC3s and tetherin (7) (8) (9) (10) (11) , which makes it doubtful that XMRV replication occurred efficiently in human peripheral blood mononuclear cells of CFS patients as previously reported (3) .
The human PC cell line CWR22Rv1 (hereafter 22Rv1) (12) produces infectious XMRV essentially identical in sequence to that obtained from patients. 22Rv1 contains ≥10 proviral copies per cell (13) and was proposed to have been derived from an XMRV-infected tumor. This cell line was derived from a xenograft (CWR22) that was established from a primary prostate tumor at Case Western Reserve University and serially passaged in nude mice (14, 15) . To explore the origin of the virus in 22Rv1 cells, we analyzed various passages of the CWR22 xenograft, as well as a subline of the CWR22 xenograft (2152) from which the 22Rv1 cell line was established (12) , and another prostate cancer cell line, CWR-R1, which was also derived from CWR22 (16) . Figure 1A traces the timeline of the serial xenograft transplants of CWR22 up to the derivation of the cell lines 22Rv1 and CWR-R1 and indicates (bold letters) the samples that were available for analysis. Nude mouse strain(s) maintained by Charles River (NU/NU) and Harlan Laboratories [Harlan Sprague Dawley (Hsd)] are likely to have been used for in vivo passages of the xenograft (17) . DNA samples from passage 3 (777 in Fig. 1A ) and an unknown early passage (736) were obtained along with samples from a 7th passage, CWR22-9216R and CWR22-9218R. A xenograft tumor from the early seventh passage was independently propagated at the University of California, Davis, using Hsd nude mice (CWR22-8R and 8L). Total nucleic acid from relapsed androgen-independent tumors (CWR22R) 2152, 2524, 2272, and 2274 and the 22Rv1 and CWR-R1 cell lines was available for analysis (14) .
We verified that the xenograft samples (736, 777, 9216R, 9218R, 8R, and 8L) and the 22Rv1 or CWR-R1 cell lines were all derived from the same person by performing short tandem repeat analysis at seven loci (Fig. 1B and fig. S1 ). The probabilities that the xenografts and the two cell lines have the same allele patterns for these loci by chance are 1.6 × 10 −13 and 6.3 × 10
, respectively. To quantify the amount of XMRV DNA in the CWR22 xenografts, we developed a real-time polymerase chain reaction (PCR) primer-probe set that specifically detected XMRV env and excluded murine endogenous proviruses present in BALB/c and NIH3T3 genomic DNA (Fig. 1C) . We used quantitative PCR of 22Rv1 DNA to estimate 20 proviruses per cell and used the 22Rv1 DNA to generate a standard curve. The CWR22 xenografts had significantly fewer copies of XMRV env (<1 to 3 copies per 100 cells) compared with the 22Rv1 cells (2000 copies per 100 cells). The CWR-R1 cell line had~3000 copies per 100 cells, and the NU/NU and Hsd nude mice, thought to have been used to passage the CWR22 xenograft, had 58 and 68 copies per 100 cells, respectively. Because xenograft tumors are expected to contain a mixture of human and mouse cells, we quantified the amount of mouse DNA by analyzing mouse intracisternal A-type particle (IAP) DNA as previously described (18, 19) . About 0.3 to 1% of the total DNA from all six xenografts consisted of mouse DNA (Fig.  1D) ; this result is consistent with the <1 to 3 XMRV env sequences per 100 cells detected in the same samples (Fig. 1C) .
We characterized XMRV and related sequences in the xenografts, cell lines, and nude mouse strains by PCR and DNA sequencing (Fig. 2) . Using primers previously used to clone and sequence XMRV from 22Rv1 cells (8), we determined that all the XMRV proviruses in the CWR-R1 and 22Rv1 cell lines are identical in sequence (GenBank accession no. FN692043), with the exception of some rare hypermutated proviruses ( Fig. 2A and figs. S2 and S3). Next, we developed several primer sets specifically to amplify XMRV sequences and to exclude endogenous murine retroviruses ( fig. S2 ). Primers that specifically amplified XMRV were used to perform PCR on DNA from the late-passage xenografts 2152, 2524, 2272, and 2274; sequencing confirmed the presence of these XMRV sequences in these tumors ( Fig. 2A and fig. S3A ; boxed in Fig. 1A) .
We used the same XMRV-specific primer sets to amplify and sequence DNA from early-passage xenografts (736, 777, 8L, 8R, 16R, and 18R) (Fig. 2B) ; the results showed that XMRVenv was present but not gag sequences (sequencing coverage summarized in fig. S3 ), which indicated that the early xenografts did not contain XMRV. However, we did find that early xenografts contained a previously undescribed XMRV-related provirus that we have named PreXMRV-1 (Fig.  2B) . The complete sequence of PreXMRV-1 was determined from the early-passage xenografts, the NU/NU and Hsd strains, and the CWR-R1 cell line (GenBank accession no. FR871849). PreXMRV-1 and consensus XMRV differed by only one base in a 3211-nucleotide (nt) stretch of the genome encoding the 3′ half of pol and the 5′ two-thirds of env. In addition, the long terminal repeats (LTRs) were nearly identical; PreXMRV-1 had a single adenine deletion relative to XMRV in a run of six adenines. The two genomes differed by 10% over the remaining 3.5-kb stretch of gag-pro-pol and by 9% in a 600-nt stretch at the 3′ end of env. PreXMRV-1 is replicationdefective because of a 16-nt deletion in gag and a +1 frameshift mutation in pol. Late-passage xenografts 2524 and 2274, but not 2152 and 2272, also contained PreXMRV-1. The detection of low levels of XMRV env sequence in the early xenografts (Fig. 1C) can be attributed to the PreXMRV-1 proviruses present in the contaminating mouse DNA. Overall, these results indicate that PreXMRV-1 is an endogenous murine provirus that is present in the NU/NU and Hsd strains, but neither of these strains contains XMRV (the PCR and sequencing coverage are detailed in fig. S3, A and B) .
To screen for the presence of endogenous XMRV in mouse strains, we developed an XMRVspecific PCR assay based on sequence differences in the LTR and gag leader regions that excluded all known endogenous murine retroviruses ( fig.  S2) . A survey of 45 laboratory mouse strains and 44 wild mice failed to detect XMRV ( fig. S4) . In a search for proviruses that might contain XMRVspecific sequence features, we found a second previously undescribed endogenous provirus that we named PreXMRV-2 (Fig. 2C) . A portion of PreXMRV-2 corresponds to a 1124-nt sequence of an endogenous provirus from the 129X1/SvJ mouse genome (acc. no. AAHY0159188.1) (6, 20) . The sequence of PreXMRV-2 (GenBank accession no. FR871850) revealed that gag, pol, and env reading frames are open and can potentially express functional proteins. A 3.6-kb stretch encompassing the gag leader region and gag-pro-pol differs by one base from the consensus XMRV (99.9% identity); in addition, a~700-nt region of env is 99% identical to XMRV; however, the LTRs and the remaining viral genome differ by 6 to 12% from consensus XMRV. Phylogenetic analysis indicates that PreXMRV-1 is grouped with xenotropic viruses, whereas PreXMRV-2 appears to be a recombinant, grouping with polytropic and modified polytropic viruses for certain stretches of its genome ( fig. S5) .
We screened 15 mouse strains, which included 12 nude mice, for the presence of XMRV, PreXMRV-1, and PreXMRV-2 using XMRVspecific primers, primers that amplified XMRVor PreXMRV-1, and PreXMRV-2-specific primers (Fig.  2D and fig. S2 ). None of the mouse strains contained XMRV, and only the Hsd and the NU/NU outbred nude strains contained PreXMRV-1 ( Fig.  2D and fig. S6 ). Six of the 15 mouse strains contained PreXMRV-2, but only the NU/NU and Hsd mice contained both PreXMRV-1 and PreXMRV-2 (Fig. 2D and fig. S6 ). It should be noted that, because the Hsd and the NU/NU are outbred strains, individual mice differ in their endogenous proviruses. NU/NU mice showed variation in the presence of these two endogenous proviruses, and two out of five animals tested contained both ( fig. S6 ). The 22Rv1 cell line contained only XMRV as confirmed by sequence analysis; however, the CWR-R1 cell line contained both XMRV and PreXMRV-1. The CWR-R1 cell line has been reported to contain contaminating mouse cells (21) (and see IAP signal in Fig. 2D ), which is likely to be the source of the PreXMRV-1 sequences.
We used the same specific primer sets to determine the distribution of XMRV, PreXMRV-1, and PreXMRV-2 in early and late xenografts (Fig. 2E) used to detect PreXMRV-1 could also detect XMRV; sequencing analysis of the PCR products from all of the early xenografts detected only PreXMRV-1, but both XMRV and PreXMRV-1 were detected from the late xenografts 2524 and 2274 (Fig. 2B) . Amplification with PreXMRV-2-specific primers revealed the presence of this provirus in early xenografts 736, 777, 8R, and 8L and late xenografts 2272 and 2274 (Fig. 2, C and  E, and fig. S3C) . The variable detection level of PreXMRV-2 in the late xenografts could be due to individual differences in the outbred mice, and by extension, in the mouse DNA in these samples.
Comparison of the PreXMRV-1 and PreXMRV-2 sequences revealed that the regions of near identity to XMRV are reciprocal and largely nonoverlapping. We therefore hypothesized that recombination between these two retroviruses resulted in the formation of XMRV. As shown in Fig. 3A , reverse transcriptase templateswitching events during minus-strand DNA synthesis can form a recombinant that is essentially identical to the sequences of all of the XMRVs reported to date and that differs from the consensus XMRV by only four nucleotides. The six switching events occurred in 20-to 73-nt stretches that are identical in PreXMRV-1 and PreXMRV-2 (red numbers in Fig. 3A, and fig.  S7A ). Of the four nucleotide differences between the predicted recombinant and consensus XMRV, only the A>G change at position 790 results in a conservative valine-to-isoleucine amino acid substitution; the other three substitutions are silent. The 22Rv1 and CWR-R1 cell lines, as well as VP42, have an A at position 790, whereas all other XMRV isolates have a G at position 790.
The insertion of an A at position 8092 occurred within a run of six adenines; frameshift mutations commonly occur in such homopolymers during retroviral replication (22) . A comparison of the predicted recombinant to the available XMRV sequences is shown in fig. S7B . The available XMRV sequences all have the same six recombination junctions predicted in the hypothetical recombinant and differ from the consensus XMRV by 3 to 14 nt. These differences may be the result of errors during PCR or sequencing or from mutations during the passage of XMRV in another cell line. Phylogenetic analysis supports the predicted recombinant virus as the precursor of the virus in the CWR22 xenografts, the 22Rv1 and CWR-R1 cell lines, and all XMRVs isolated and sequenced from patients ( Fig. 3B) (23) .
Our findings indicate that virus derived from two previously undescribed murine endogenous retroviruses, PreXMRV-1 and PreXMRV-2, most likely underwent retroviral recombination to generate XMRV during in vivo passaging of the CWR22 xenograft in nude mice. Both parental endogenous proviruses were present in some of the nude mouse strains used for in vivo passaging of the xenografts; therefore, there were opportunities for this recombinant to form and spread in the tumor cells that were the progenitors of the 22Rv1 and CWR-R1 cell lines. Only six template-switching events, which is close to the average of four template switches per replication cycle (24) , are needed to generate a recombinant that is both essentially identical and ancestral to all XMRV sequences characterized to date from cell lines and patients (Fig.  3B) . We have estimated the probability that the exact set of template-switching events occurred independently is 1.3 × 10 −12 ( fig. S8) (23) , which makes it very likely that contamination of human samples with XMRV originating from the relapsed CWR22 xenografts or either of the two cell lines, perhaps through other intermediate cell lines, contributed to its reported association with PC and CFS. Our results and conclusions relate to XMRV detection by isolation of virus of this specific sequence (1-3) and do not directly address detection of antibodies or viral antigens (25, 26) or PCR detection of related but distinct MLV sequences (27) . We note, however, that most "XMRV-specific" PCR assays may detect PreXMRV-1 or -2 proviruses in contaminating mouse DNA and that specific detection of XMRV requires the use of primers that flank a crossover site.
The alternative possibility is that recombination between PreXMRV-1 and PreXMRV-2 occurred during mouse evolution, giving rise to an endogenous XMRV provirus that is present in mice and can occasionally infect humans. We think this possibility is remote because analysis of the early xenografts, which contained contaminating nude mouse DNAs, failed to detect XMRV. Furthermore, we were unable to detect XMRV in a screen of 89 inbred and wild-derived mouse strains including 17 individual nude mice ( fig. S4) (23) .
We conclude that XMRV was generated as a result of a unique recombination event between two endogenous MLVs that took place around 1993-1996 in a nude mouse carrying the CWR22 PC xenograft. Because the probability that the same recombination event could occur independently by random chance is essentially negligible, . S5A) (23) .
any XMRV isolates with the same or nearly the same sequences identified elsewhere originated from this event (23) .
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The interrelationships between our diets and the structure and operations of our gut microbial communities are poorly understood. A model community of 10 sequenced human gut bacteria was introduced into gnotobiotic mice, and changes in species abundance and microbial gene expression were measured in response to randomized perturbations of four defined ingredients in the host diet. From the responses, we developed a statistical model that predicted over 60% of the variation in species abundance evoked by diet perturbations, and we were able to identify which factors in the diet best explained changes seen for each community member. The approach is generally applicable, as shown by a follow-up study involving diets containing various mixtures of pureed human baby foods. O wing to its many roles in human health (1) (2) (3) , there is great interest in deciphering the principles that govern the operations of an individual's gut microbiota. Current estimates indicate that each of us harbors several hundred bacterial species in our intestine (4, 5) , and different diets lead to large and rapid changes in the composition of the microbiota (6, 7) . Given the dynamic interrelationship between diet, the configuration of the microbiota, and the partitioning of nutrients in food to the host, inferring the rules that govern the microbiota's responses to dietary ingredients represents a challenge (8) .
Gnotobiotic mice colonized with simple, defined collections of sequenced representatives of the various phylotypes present in the human gut microbiota provide a simplified in vivo model system in which metabolic niches, host-microbe, and microbe-microbe interactions can be examined by using a variety of techniques (9) (10) (11) (12) . These studies have focused on small communities exposed to a few perturbations. We used gnotobiotic mice harboring a 10-member community of sequenced human gut bacteria to model the response of a microbiota to changes in host diet. We aimed to predict the absolute abundance of each species in this microbiota on the basis of knowledge of the composition of the host diet. Furthermore, we wanted to gain insights into the niche preferences of members of the microbiota and to discover how much of the response of the community was a reflection of their phenotypic plasticity.
The 10 bacterial species were introduced into germ-free mice to create a model community with representatives of the four most prominent bacterial phyla in the healthy human gut microbiota ( fig. S1A) (13) . Their genomes encode major metabolic functions that have been identified in anaerobic food webs, including the ability to break down complex dietary polysaccharides not accessible to the host (Bacteroides thetaiotaomicron, Bacteroides ovatus, and Bacteroides caccae); consume oligosaccharides and simple sugars (Eubacterium rectale, Marvinbryantia formatexigens, Collinsella aerofaciens, and Escherichia coli); and ferment amino acids (Clostridium symbiosum and E. coli). We also included two species capable of removing the end products of fermentation: a H 2 -consuming, sulfate-reducing bacterium (Desulfovibrio piger) and a H 2 -consuming acetogen (Blautia hydrogenotrophica).
To perturb this community, we used a series of refined diets in which each ingredient represented the sole source of a given macronutrient (casein = protein, corn oil = fat, cornstarch = polysaccharide, and sucrose = simple sugar) and in which the concentrations of these four ingredients were systematically varied ( fig. S1 , B and C, and table S1). Each individually caged male C57Bl/6J mouse was fed a randomly selected diet, with diet switches occurring every 2 weeks (n = 13 animals; fig. S1D shows the variation of diet presentation between animals). Shotgun sequencing of total fecal DNA allowed us to determine the absolute abundance of each community member, based on assignment of reads to the various species' genomes, in samples obtained from each mouse on days 1, 2, 4, 7, and 14 of a given diet period (13) .
To predict the abundance of each species in the model human gut microbiome given only knowledge of the concentration of each of the four perturbed diet ingredients, we used a linear model
where y i is the absolute abundance of species i; X casein , X starch , X sucrose , and X oil are the amounts (in grams per kilogram of mouse diet) of casein,
